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1. Introduction

The H-Canyon Facility plans on processing bundles from Non-Aluminum Spent Nuclear Fuel (NASNF)
Risk Group 1 (UOz2 core fuels). Uranium-zirconium (UZr) alloys and zirconium clad UOz fuel containing
UZr intermetallic compound have the potential to cause explosions during dissolution. UZr intermetallic
typically only forms when uranium and zirconium (or zirconium alloy) cladding are in contact at high
temperatures [1]. Thermal modeling was performed to determine the maximum cladding temperature for
Campaign 1 Zircoloy cladded fuel assembles during reactor operation to help determine if the UZr
intermetallic compound could have formed during reactor operations. The temperature of 350°C was
chosen as a conservative minimum value for the possible formation of intermetallic UZr compound [2].
The modeling approach, inputs, and results are outlined in this document.

2. Thermal Modeling Process

2.1. Fuel Assembly Information

This document focuses on the 69 fuel bundles in NASNF Campaign 1 [2]. A simplified list is shown in
Table 2-1. The table lists the reactor in which each fuel assembly was used and the relevant Appendix A
document with detailed descriptions of the assembly. The fuel rods in Campaign 1 are from the following
reactors: Carolinas-Virginia Tube Reactor (CVTR), Experimental Boiling Water Reactor (EBWR), Heavy
Water Components Test Reactor (HWCTR), and Savannah River Site R-Reactor (SRS-R).

Prior to performing cladding temperature calculations, a subset of assemblies with the highest heat
generation rates were identified from each Appendix A for analysis. The most conservative cases were
chosen to bound the calculations and reduce the number of fuel assemblies requiring analysis. Only one
CVTR assembly described by CVTR-001 Appendix A was analyzed, using the maximum power provided
in “Design, Fabrication, and Operation of the CVTR High Power, High-Bumup Test Assemblies” [3]. A
similar process was applied to the list of EBWR fuel assemblies. The assembly with the highest heat
generation rate was analyzed from each of EBWR-002, EBWR-004, and EBWR-009 Appendix A files [4-
6]. These values were found in a memo by Vinson [7]. Rods described by EBWR-001 Appendix A were
not considered since the cladding on those rods is made of stainless steel and therefore there is no concemn
of UZr intermetallic formation. There is a large difference in rod diameters for fuel described in SOT-001
Appendix A, so the assembly with the highest heat generation rate and another assembly with a different
rod diameter were analyzed [8]. The fuel assembly with the largest heat generation rate from SPRO-001
Appendix A was analyzed [9]. HWCTR-002 fuel is similar to HWCTR-004 fuel except for containing less
than half as much U-235. Because HWCTR-004 establishes a bounding case, HWCTR-002 fuel was not
analyzed. The condensed table of the analyzed fuel assemblies is shown in Table 2-1.

Table 2-1. Analyzed Fuel in Campaign 1

Reactor Appendix A

CVTR DOESRAAD-CVTR-001 [10]
EBWR DOESRAAD-EBWR-002 [4]
EBWR DOESRAAD-EBWR-009 [6]
EBWR DOESRAAD-EBWR-004 [5]
HWCTR DOESRAAD-HWCTR-004 [11]
HWCTR DOESRAAD-SOT-001, Rev. 2 [8]
SRS-R DOESRAAD-SPRO-001 [9]
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2.2. Thermal Modeling Approach and Assumptions

COMSOL Multiphysics 6.0 was used for this analysis. COMSOL has been approved for use on heat transfer
calculations through the Savannah River National Laboratory (SRNL) software quality approval process
and is a Level B software. The document numbers for the Software Quality Assurance Program (SQAP),
Software Evaluation Package (SEP), and Software Test Program (STP) are provided in the reference section
[12-14]. Two dimensional (2D) models of individual fuel rods were used for this analysis. It was determined
that it is not necessary to model the entire assembly, but instead to use the most conservative scenario. The
most conservative case, assuming even fuel composition for rods within an assembly, would be an interior
rod. Heat generated within the fuel element is transferred through the cladding and is lost through radiation
and convection on the surface of the cladding. Radiative heat loss from the surface of the rod is not applied
to the model, because an interior rod would receive heat through radiation from surrounding rods. It is
assumed that this radiative heating from surrounding rods offsets heat loss through radiation. This is a
conservative assumption because a portion of the radiative heat from each rod would be lost to the
surrounding reactor components and could not all be transferred to other rods. It is also assumed that the
fuel is in contact with the cladding. There is a helium gap in some fuel rod designs, but fuel may not have
remained centered and fuel expansion likely occurred during reactor operations. This is modeled using the
Thermal Contact condition in COMSOL. This assumes contact between two solids with interstitial gas to
account for the helium and is further explained in the Inputs section of this document. This approach is used
for modeling all of the fuel assemblies, with the major differences being: diameter and shape of fuel,
diameter and shape of cladding, heat generation rate, reactor coolant type, coolant pressure, coolant
temperature, and whether standard convection or nucleate boiling occurs on the surface of the fuel rods.

Another important assumption is that Departure from Nucleate Boiling (DNB) did not occur during BWR
reactor operations. When this occurs a layer of steam forms on the surface of the fuel rods, resulting in poor
heat transfer to the water and substantially higher cladding temperatures. The occurrence of DNB is
determined by comparing the actual heat flux to the Critical Heat Flux (CHF). The Groeneveld correlation
and Groeneveld lookup table data [15, 16] were used for calculating the CHF for EBWR-004 rods, since
these had the highest heat flux. This calculation is shown in Appendix 2. It was determined that the actual
heat flux was much lower than the CHF, so DNB did not occur during reactor operations.

2.3. Input Parameters

2.3.1.Material Properties:

The material properties for the Zircoloy cladding and uranium dioxide fuel are found in Table 2-2. Since
the fuel rods have a wide range of fuel temperatures, the uranium dioxide properties are given at various
temperatures.
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Table 2-2. Material Properties of Solids Used in Models
. . . Density | Heat Capacity | Young’s Modulus | Poisson’s Ratio
Material Thermal Conductivity (W/(m*K)) (kg/m?) J/(kg*K)) (GPa)
(0.138-3.9x10°T+
. . 6560 285 99 0.37
Zircoloy (Zr2 1.184x107T?) x100
v 7 [18] [18] [18] [18]
(0.1134+2.25x10°T+
. 6560 285 99 0.37
Zircaloy (Zr4 0.725x10°T?) x100
y @) 7] ) [18] [18] [18] [18]
%rlf;‘l‘ii‘g 428 [19] 10800 303 219 0.319
e ' [19] [19] [20] [20]
%ri)f;‘l‘ii‘g 313 [19] 10680 315 219 0319
850 °C ' [19] [19] [20] [20]
Uranium
Dioxide 2.93 [19] 9596 766 219 0.319
R0 s [19] [19] [20] [20]

The properties of the helium, steam, water, and heavy water are found in Table 2-3. Many of these values
are predefined for use within COMSOL, but the heavy water material properties were found in literature
and input into COMSOL during modeling.
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Table 2-3. Material Properties of Gases and Liquids Used in Models
Thermal . Heat Dynamic Ratio of Specific Mean
. . . Density . : . . Gas Molar
Material | Conductivity (kg/m*3) Capa:1ty VlSC(:{Slty Specific Constant Mass
(W/(m*K) J/(kg*K)) (Pa*s) Heats (kg/mol)
COMSOL COMSOL | COMSOL | COMSOL | COMSOL | COMSOL | coOMSOL
Helium Predefined | Predefined | Predefined | Predefined | Predefined | Predefined | Predefined
Value Value Value Value Value Value Value
COMSOL COMSOL | COMSOL | COMSOL | COMSOL | COMSOL | coMSOL
Steam Predefined | Predefined | Predefined | Predefined | Predefined | Predefined | Predefined
Value Value Value Value Value Value Value
COMSOL COMSOL | COMSOL | COMSOL | cOMSOL
Water Predefined | Predefined | Predefined | Predefined | Predefined N/A N/A
Value Value Value Value Value
Heavy
Water 0.556 902.6 4540 0.0001*
(1000psig [21] [22] [23] [22, 24] N/A N/A N/A
and 240C)
Heavy
Water 0.634 1052 4180 0.00028
(5 psig 23] 26] 23] 27] N/A N/A N/A
and 115C)

*calculated using kinematic viscosity [24] and density [22]

2.3.2.Geometry:

All fuel elements being examined are either rods or tubes. Since it is assumed that the fuel expands and is
in contact with the cladding, the gap is modeled using the Thermal Contact heat transfer method. The
dimensions for the rod-shaped fuel rods can be found in Table 2-4. The dimensions for the tube-shaped fuel
rods can be found in Table 2-5.

Table 2-4. Dimensions of Rod-Shaped Fuel Rods

Reactor Appendix A Radilgno)f Fuel 0(1.11:23 ;}::glzz )of Lengt(liln(;f Fuel
CVTR Dgf;%ﬁ)‘g?' 0.218 [10] 0.244 [10] 95.4 [10]
EBWR Dglfmg' 0.186 [4] 0.213 [4] 48 [4]
EBWR Dggmg' 0.188 [6] 0.213[6] 48 [6]
EBWR Dggmg- 0.186 [5] 0213 [5] 48 [5]
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Table 2-5. Dimensions of Tube-Shaped Fuel Rods
. Inner Outer Outer Radius
Reactor | Appendix A Ass;:gl bly Inclizfigid“(li;;)f Radius of | Radius of | of Cladding Il,?el::sglt(l;l:))f
g Fuel (in) Fuel (in) (in)
DOESRAAD-
HWCTR HWCTR-004 OT1-7 0.735[11] 0.765 [11] 1.00 [11] 1.03 [11] 111.25 [11]
DOESRAAD- | sOT 8-2 1.49 [8] 1.52 [8] 1.80 [8] 1.83 [8] 69.125% [8]
HWCTR SOT-001,
REV.2 SOT 1-3 0.735 [8] 0.765 [8] 1.00 [8] 1.03 [8] 78.75* [8]
DOESRAAD- ook
SRS-R SPRO-001 SPRO-7 0.729 [9] 0.759 [9] 1.12 [9] 1.15 [9] 123.6%* [9]

* - from DOESRAAD-SOT-001 showing 7 axially stacked segmented tubes/assembly
**_from DOESRAAD-SPRO-001 showing 6 axially stacked segmented tubes/assembly with 20.6” of fuel
per tube

2.3.3.Heat Transfer:
Heat Source

The fuel is modeled as a heat source with the heat rate specified in Table 2-6. HWCTR and Segmented
Oxide Tube (SOT) fuel rod heat generation rates were calculated from neutron flux and mass of U-235
using the reactor thermal power equation for heat generation. [28].
N
P=¢ -0c-E -m—
d-o m "
P — Heat Rate of Fuel Rod

¢ — Neutron Flux

o — Microscopic Cross Section

E — Average Recoverable Energy Per Fission
m — Mass of U-235 in Fuel Rod

N — Avogadro’s Number

M — Molar Mass of U-235

Microscopic cross section (585 barns), average recoverable energy per fission (200.7 MeV/fission), molar
mass (235 g/mol), and Avogadro’s Number (6.022E23 atoms/mol) are all properties of U-235 and are the
same for all fuels described in the three HWCTR Appendix As: HWCTR-002, HWCTR-004, and SOT-
001. The mass of U-235 in each fuel rod was determined from the corresponding Appendix A. The neutron
flux for Test Fuel in the HWCTR (2.1E14 N/cm?) also applies to all 3 fuel rods and was found in the IAEA
directory on HWCTR [29]. Since there were 12 test fuel locations, this value was divided by 12 to determine
the neutron flux for each fuel rod [28].

The maximum heat generation rate for the CVTR fuel was calculated from the maximum power level of
25.08 kw/ft and the length of fuel [3]. The heat generation rate for SRS P and R Production Reactors (SPRO)
was calculated from the total reactor thermal power divided by the number of rods. This was done because
individual data was not available and the power distribution within the core was nearly uniform [30]. EBWR
fuel rod heat generation rates were found using Figure 5 in the memo by Vinson [7].




SRNL-STI-2023-00120

Revision 0
Table 2-6. Heat Generation Rates
Reactor Appendix A Heat Rate (W)
CVTR DOESRAAD-CVTR-001 199545 [10]
EBWR DOESRAAD-EBWR-002 6250 [5]
EBWR DOESRAAD-EBWR-009 6726 [5]
EBWR DOESRAAD-EBWR-004 22847 [5]
HWCTR DOESRAAD-HWCTR-004 275600 [11, 28]
DOESRAAD-SOT-001, Rev. 2
HWCTR SOT 13 179400 [28, 29]
DOESRAAD-SOT-001, Rev. 2
HWCTR SOT 822 278000 [28, 29]
SRS-R DOESRAAD-SPRO-001 556000 [9, 28]

Thermal Contact

The helium gap in the fuel rods is modeled as Thermal Contact with the “constriction conductance with
interstitial gas contact model”. This assumes that the fuel has expanded and is in contact with the cladding,
but also accounts for the helium compressed between the fuel and cladding. This mode of heat transfer also
accounts for radiative heat transfer from fuel to cladding. The thermal contact surface and gas properties
were found in literature and are shown in Table 2-7 and Table 2-8.

Table 2-7. Thermal Contact Surface Properties

Surface

Surface roughness, roughness. Contact Microhardness**
Reactor Appendix A asperities average ne i Pressure
. asperities average (GPa)
height (um) & (MPa)
slope
DOESRAAD- 25 10
CVTR CVTR-001 2.11 [31] 0.4 [32] [33]
DOESRAAD- 25 10
EBWR EBWR-002 2.11 [31] 0.4 [32] [33]
DOESRAAD- 25 10
EBWR EBWR-009 2.11 [31] 0.4 132] 33]
DOESRAAD- 25 10
EBWR EBWR-004 2.11 [31] 0.4 [32] [33]
DOESRAAD- 25 10
HWCTR HWCTR-004 2.11 [31] 0.4 [32] [33]
DOESRAAD- 25 10
HWETR | 501.001, Rev. 2 211 131] 04 [32] [33]
DOESRAAD- 25 10
SRS-R SPRO-001 2.11 [31] 0.4 [32] [33]

* - Default COMSOL value used

** - Maximum value from Fig. 4 of “Microhardness and Young's modulus of high bum-up UO: fuel” [33]
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Table 2-8. Thermal Contact Gas Properties
Gas Surface
, Gas Thermal Gas Gas thermal | .opiq | Particle | Emissivity
Reactor | Appendix A Conductivity Pressure | accommodation « . .
(W/(m*K)) (MPa) parameter Parameter Diameter | (upside and
(nm) downside)
DOESRAAD-
CVTR CVTR-001 0.30 [34] 6 [35] 0.4 [36] 1.7 0.280 [37] 1,1
DOESRAAD-
EBWR EBWR-002 0.25[34] 6 [35] 0.4 [36] 1.7 0.280 [37] 1,1
DOESRAAD-
EBWR EBWR-009 0.25[34] 6 [35] 0.4 [36] 1.7 0.280 [37] 1,1
DOESRAAD-
EBWR EBWR-004 0.25[34] 6 [35] 0.4 [36] 1.7 0.280 [37] 1,1
DOESRAAD-
HWCTR HWCTR-004 0.25 [34] 6 [35] 0.4 [36] 1.7 0.280 [37] 1,1
DOESRAAD-
HWCTR SOT-001, 0.25 [34] 6 [35] 0.4 [36] 1.7 0.280 [37] 1,1
Rev. 2
DOESRAAD-
SRS-R SPRO-001 0.21 [34] 6 [35] 0.4 [36] 1.7 0.280 [37] 1,1
*Default COMSOL value
Heat Flux

The boiling water reactor fuel rods lose heat to the surrounding coolant through nucleate boiling on the
surface of the cladding. A calculation was performed to determine if DNB occurred, which would result in
higher fuel rod temperatures. DNB involves steam not breaking away from the surface, resulting in an
insulating layer and higher cladding temperatures [15, 16]. Table 2-9 shows the COMSOL inputs for the
nucleate boiling heat flux. Many of these inputs were standard for water and steam , but the liquid-surface
combination factor was found in, “Introduction to Convective Boiling” [38]. EBWR-004 fuel was chosen
for the CHF calculation because it is the BWR fuel that experienced the highest heat flux, therefore it would
be the bounding case in determining if DNB occurred.[38].

Table 2-9 Nucleate Boiling Properties at 254°C

Latent Heat of Liquid-Vapor Liquid-
. - oo Surface Prandtl Surface
Reactor | Appendix A | Liquid | Vapor | Vaporization Tension Number | Combination

[V/kel [N/m] Factor
DOESRAAD- 1694700 0.025 0.013
EBWR EBWR-002 Water | Steam [39] [40] 1 38]
DOESRAAD- 1694700 0.025 0.013
EBWR EBWR-009 Water | Steam [39] [40] 1 38]
DOESRAAD- 1694700 0.025 0.013
EBWR EBWR-004 Water | Steam [39] [40] 1 138]

The pressurized water reactor fuel rods lose heat to the surrounding coolant through convective heat transfer.
The surrounding fluid pressure and temperature are used as inputs, along with fluid velocity. Velocity was
either found directly from literature on the reactors or calculated from flow rate and channel area around or
in the fuel rods.
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External Convection

Internal Convection

Reactor | Appendix A Cylinder | Velocity, | Absolute External Tube Velocity, | Absolute External
pp Diameter Fluid Pressure | Temperature | Diameter fluid Pressure | Temperature
[in] [m/s] [atm] [°C] [in] [m/s] [atm] [°C]
DOESRAAD- | 0.4875 " % % %
CVTR CVTR-001 [10] 7.2 3] 1 277.25[3] NA NA NA NA
DOESRAAD- 2.065
HWCTR HWCTR-004 (1] 5.8129] 68 [29] 239 [29] 1.47[11] | 7.0[29] 68 [29] 239 [29]
DOESRAAD-
SOT-001, 2.065
Rev. 2 (1] 5.8129] 68 [29] 239 [29] 1.47[11] | 7.0[29] 68 [29] 239 [29]
SOT 1-3
HWCTR DOESRAAD-
SOT-001,
Rev. 2 3.6[11] 5.8129] 68 [29] 239 [29] 298 [11] | 7.0[29] 68 [29] 239 [29]
SOT 8-2
i DOESRAAD- 5 [psi] 5 [psi]
SRS-R SPRO-001 2.3 9] 12.5 [41] [41] 105 [41] 1.458 [9] | 12.5[41] [41] 105 [41]

* CVTR fuel is rod shaped while HWCTR and SRS-R fuels are tube shaped

The Sieder-Tate correlation was used to calculate the heat transfer coefficient, which was an input for heat
flux for the fuel rods from pressurized water reactors. [42]

Nu = 0.027Re*? Prm[

where
Nu =
Re=
c
Pr= Lu
k
where

1)

j0.14

Hw

Nu = Nusselt number
Re = Reynolds number
Pr = Prandtl number
dy, = hydraulic diameter = four times the flow area, divided by the wetted perimeter

p = fluid density

v = fluid velocity

u = fluid viscosity

L, = fluid viscosity at the wall temperature

h = heat transfer coefficient
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k = fluid thermal conductivity
¢, = fluid heat capacity
Table 2-11 Heat Transfer Coefficients for PWR Fuel
External Heat Transfer Internal Heat Transfer
Reactor Appendix A Coefficient Coefficient
(W/m?K) (W/m?K)
CVTR DOESRAAD-CVTR-001 6.21E+04 NA
HWCTR DOESRAAD-HWCTR-004 3.66E+04 4. 72E+04
POESRAAD SOT 001 Rev.2 3.66E-+04 4.09F+04
HWCTR DOESRAAD SO% 001, Rev. 2
- -001, Rev.
SOT 8.2 4 47E+04 4 .09E+04
SRS-R DOESRAAD-SPRO-001 3.26E+04 5.57E+04
3. Results

The calculated temperatures for all the analyzed fuels are shown in Table 3-1. The temperatures are given
for each of the components of the fuel rods: Fuel, Inner Cladding, and Outer Cladding. Inner cladding refers
to the boundary between fuel and cladding. Outer cladding refers to the surface of the cladding. For tubes,
the maximum temperature is shown for either the interior or exterior cladding, whichever experienced the
higher temperature. The rods from the CVTR may have experienced inner cladding temperatures above
350 °C. Temperature plots of all modeled fuel rods are shown in Appendix 1.
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Table 3-1. Fuel Rod Component Temperatures
Reactor Appendix A Maximum Fuel Maximum Inner Oul}[/éi)grll;gg;n
cacto pp Temp (°C) Cladding (°C) €0) &

EBWR ooy 364.6 267.4 258.3
EBWR e 3725 267.7 258.4
EBWR O ton 652.4 296.5 258.9
HWCTR D o 397.9 273.0 247.8
HWCTR 0?8%%%}%??3 386.2 271.4 2475
HWCTR | o0 ot 8.2 391.1 266.1 246.7
SRS-R DOESR‘;‘S‘;’ -SPRO- 491.1 164.9 121.7
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4. Conclusions

This report outlines the thermal modeling approach used to determine maximum cladding temperature of
Zircaloy-cladded UO: fuel in NASNF Campaign 1 to aid in the determination of potential UZr intermetallic
formation in these assemblies. The CVTR assemblies were determined to have most likely experienced
temperatures higher than the 350 °C conservative temperature threshold for intermetallic UZr formation.
This does not necessarily mean that intermetallic UZr compound is present but provides a conservative
indicator that it could have formed. The calculations for the other fuel rods all result in cladding
temperatures below 350 °C.
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6. Appendix 1. Temperature Profiles for Reactor Assemblies
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Figure 6-1. CVTR-001 Temperature Plot
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Figure 6-2. EBWR-002 Temperature Plot
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Figure 6-3. EBWR-009 Temperature Plot
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Figure 6-4. EBWR-004 Temperature Plot
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Figure 6-5. HWCTR-004 Temperature Plot
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Figure 6-6. SOT 1-3 Temperature Plot
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Figure 6-7. SOT 8-2 Temperature Plot
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7. Appendix 2. Critical Heat Flux Analysis for EBWR-004

Calculations for critical heat flux (CHF) are shown below. Reference [15] describes these equations and
how to apply them. Several of the values used were found in literature [43, 44]. These values are noted
where they are used.

CHF Calculation for EBWR-004 [15]

P=600 psi [43]

X = .0233 Steam Quality [43]

interpolated from lookup tables [16]

W . . .
chf = 6600 kY The following correction factors are applied: K1, K2, K3, K4 to
- account for variations from an 8mm tube
ft
v=373— [43]
5
I
po=40—
ﬁ3
k
Gy = pv= 39?.14675
m s
k
G= 897146 —=
m s

.
{14454 . . .
D= 10.82-{ 4 [Bo) 1:| = 13763 mm hydraulic diameter: rectangular lattice with

314 110.82) dimensions shown in Figure 5 in [43]
n= 312 [13]
(8\"
(== =034
\DJ
(_ < <333
Ky=8e 0% 20603

(K is the pressure loss coefficient. information was not available for this rod
bundle, but 0.37 was used in a similar calculation)

5 2
A =15K"-(001-G)

E=1
Lsp =610 mm [43]
' b
_B.ﬁ:
E.=1+Ae DU o
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L=12192 mm heated length [4]
3
pg = 2133 m

. 100 k2
CHF = chf K| Ky K3 Ky = 4017 x 100 =

5

La

EW

Q = 3515 — Actual heat flux is well below
E CHF. Calculated from heat

actual -
m

generation rate divided by surface

area of fuel rod

4017 kW/im~2
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